Maltodextrins, derived from corn starch, have been added to industrialized food combined with sucrose. However it is not clear the diffusion properties of the dental biofilm matrix and the tridimensional structure of multispecies biofilms formed in the presence of these carbohydrates. Therefore, the aim of study was to investigate by confocal laser scanning microscopy (CLSM) the structural organization of the multispecies dental biofilm formed in situ under exposure to sucrose associated to maltodextrin. Adult volunteers wore an intraoral palatal appliance containing bovine enamel blocks. They were instructed to remove the appliance 8 times per day and drop the following solutions on the enamel blocks: deionized distilled water (DDW), maltodextrin, sucrose + maltodextrin or sucrose. Biofilms formed were stained and the percentage of extracellular polysaccharide (%EPS) and thickness were determined by CLSM. Biofilm formed in the presence of sucrose and sucrose + maltodextrin presented similar %EPS and higher than DDW and maltodextrin. Regarding to the biofilm thickness, sucrose and sucrose + maltodextrin treatments were thicker than DDW and maltodextrin and similar between them. The structural organization of the multispecies dental biofilm formed in situ in the presence of sucrose does not change when this carbohydrate is associated to maltodextrin.
Introduction
Dental caries is a biofilm-dependent disease associated with frequent intake of a diet rich in rapidly fermented carbohydrates that are converted to acidic end-products by biofilm microbiota. The low pH induced by the fermentation of these carbohydrates disrupts the mineral equilibrium on the tooth surface, biofilm fluid, and saliva leading to tooth mineral loss (1) .
It has been shown that most dietary carbohydrates, such as glucose, fructose, maltose, and sucrose, do not differ from one another regards to their acidogenic potential. This means that they are fermented at the same rate by dental biofilm bacteria (2) . However, the fermentation of sucrose by Streptococcus mutans leads to the production of an insoluble form of polysaccharides that become structurally integrated into the biofilm extracellular matrix. Insoluble extracellular polysaccharides (EPS) synthesized from sucrose is able to enhance the diffusion pattern of acids throughout the biofilm matrix by increasing the porosity of the extracellular matrix. In addition, EPS acts as biological glue that enhances the adherence of microorganisms to each other and to the tooth surface, which increases dental biofilm formation. Therefore, sucrose has been considered as the most cariogenic dietary carbohydrate (3, 4) .
Maltodextrins, which are glucose polymers obtained by hydrolysis of corn starch, have been added to industrialized food as thickening agent and to improve storage properties and texture of dry products. It is known that the caloric content of industrialized foods, such as infant formulas, dietary supplements, and sports drinks is increased by the addition of maltodextrins (5) . Many maltodextrin-based products have also sucrose in the composition. In vivo studies report that the cariogenic potential of starch in association with sucrose is greater than the cariogenic potential of these carbohydrates when consumed alone (6, 7) . Furthermore, some studies have suggested that the addition of starch would enhance the cariogenic potential of sucrose (8) (9) (10) . It has also been demonstrated that soy-and milk-based infant formulas containing maltodextrins are potentially cariogenic and that their cariogenic potential increases when supplemented with sucrose (11) . However a recent in vitro study investigated the effect of the association of maltodextrin and sucrose on the acidogenicity and adherence of cariogenic bacteria and reported that the addition of maltodextrin to sucrose does not increase the cariogenicity of sucrose in terms of acidogenicity and adherence of the cariogenic bacteria (12) .
The cariogenic potential of dietary carbohydrates has been determined on in situ studies by traditional methods based on the quantification of tooth mineral loss and the determination of chemical composition of dental biofilms, in terms of calcium, inorganic phosphate, fluoride and EPS concentrations (8, 11) . A recent in situ study tested if maltodextrin could increase the cariogenic potential of Structural organization of dental biofilm sucrose on dental enamel and concluded that the cariogenic potential of sucrose is not changed when this carbohydrate is associated to maltodextrin (13) . However, it is not fully known the diffusion properties of the dental biofilm matrix and the tridimensional structure of multispecies biofilms formed in situ in response to dietary carbohydrates.
Confocal laser scanning microscopy (CLSM) allows the collection of thin serial optical sections from biological samples even in transverse planes. This method allows the evaluation of the spatial organization of biofilms through a tridimensional view of the studied samples. Based on this analysis, mixed-species in vitro biofilm formed by Streptococcus mutans, Actinomyces naeslundii and Streptococcus oralis showed that EPS may modulate the development and spatial distribution of microorganisms on biofilms as well as create micro-domains that surround micro-colonies throughout the biofilm (14) . Additionally, it has been also demonstrated that the extracellular matrix of biofilms formed in vitro in the presence of sucrose associated with starch are structurally different compared with the one formed when sucrose is the sole carbohydrate (10). These aforementioned in vitro studies were conducted under strict-and well-controlled laboratory conditions using monospecies biofilms formed by S. mutans. Although the structure of the extracellular matrix is directly dependent on the availability of distinct dietary carbohydrates, it is important to realize that its final composition is determined by an intricate chain of microbial metabolic reactions among the biofilm counterparts that are not possible to replicate under the experimental conditions used by others (10, 14) . Thus, it is important to evaluate the architecture of dental biofilm formed under more realistic conditions that consider both the effect of distinct sources of carbohydrates and the interactions among the microorganisms of multispecies biofilms.
This study aimed to investigate the structural organization of multispecies dental biofilm formed in situ under exposure to sucrose associated to maltodextrin by CLSM.
Material and Methods

Experimental Design
This study was an in situ, cross-over, randomized, double-blind and split-mouth study. Six adult volunteers wore during 14 days an intraoral palatal appliance containing 2 bovine enamel blocks. They were instructed to drop, 8 times per day, two of the following solutions on the enamel blocks (one solution per enamel block): deionized distilled water, maltodextrin, maltodextrin+sucrose or sucrose. After the experimental period, the biofilms formed were analyzed by CLSM. The percentage of extracellular polysaccharides (%EPS), tridimensional structure, and thickness of the biofilm were determined. The present study randomized the distribution of enamel blocks for each intraoral appliance, the volunteers for each experimental period and the side of the intraoral appliance to apply different solutions in each experimental period. It was used the website Randomization.com (http://www. randomization.com).
Subjects
Six volunteers (aged 24.33±2.73) participated in this study. The inclusion criteria were as follows: good general and dental health, no receipt of antibiotics during the last 2 months, at least 24 natural teeth, unstimulated salivary flow rate of 0.25-0.35 mL/min and no use of orthodontic appliances. The study protocol was approved by the Research and Ethics Committee of the Federal University of Rio Grande do Sul (protocol number 666.924) and informed consent was obtained from each participant prior to the beginning of the study.
Enamel Blocks and Palatal Appliance Preparation
Enamel blocks were obtained from bovine incisors previously stored on 2% buffered formaldehyde solution (pH 7.0) during 30 days. Teeth presenting fractures on the external enamel surface, as well as any cracks were excluded. Twenty-four enamel blocks (3 x 3 x 2 mm) with flat and polished surfaces were prepared from these teeth.
Acrylic resin intraoral palatal appliances containing two cavities, one at each side, were made for each volunteer. One enamel block was placed on each cavity and covered by a plastic mesh leaving 1.0 mm space for biofilm accumulation. Plastic meshes were fixed with colorless or red color acrylic resin to help the volunteer to identify where each solution should be dropped (8) .
Solutions
The tested solutions were: distilled and deionized water (DDW), 10% sucrose (S) (Synth, Diadema, SP, Brazil), 10% maltodextrin (M) (DE 13-17, Sigma-Aldrich, St. Louis, MO, EUA) and 10% sucrose + 10% maltodextrin (S+M). We used the concentration 10% maltodextrin because this is the approximately the concentration found in industrialized foods containing maltodextrin. The concentration 10% sucrose was used based on several studies about cariogenicity in dental biofilm (8, 15) . Concentrations were calculated by weight/volume. New solutions were provided to the volunteers every three days, in milky white bottles identified with a white or red label. Two tested solutions were used by each volunteer at each experimental period considering a split-mouth design as follow: DDW and S or M and S+M. The use of the two treatments on the same intra-oral appliance (split-mouth) is supported by previous studies demonstrating an absence of cross effect (8, 16) . Considering a cross-over design, all subjects were submitted to all tested treatments. The volunteers were instructed to remove the appliance from the mouth and drip one drop of the assigned solution on each enamel block, 8 times a day, at pre-determined times (8:00, 9:30, 11:00, 13:30, 15:00, 16:30, 18:00 and 21:00). Five minutes after the solution has been dripped, the excess of solution on the appliance was dried with gauze and the appliance was put back into the mouth. Volunteers were instructed to use the appliance at all times, removing it only for the intake of food and drinks and to realize oral hygiene. No restriction were made in diet and for the entire period the volunteers used fluoridated water (0.8 ppmF) and non-fluoridated toothpaste, provided by the researchers. A seven-day washout period was performed previously to the beginning of the first experimental phase and between the two experimental phases.
Confocal Laser Scanning Microscopy and Image Analysis
At the end of the experimental phase, all samples were numerically codified unable any identification of treatment group. The enamel blocks/biofilms were then aseptically and individually transferred to a 24-well plate. Biofilms were fixed with 4% paraformaldehyde for 60 min and immersed in lysozyme solution (70,000 U/mL in Tris/HCl pH 7.5, 5 mM EDTA) for 7 min at 37 o C to allow the permeabilization of gram-positive bacteria. Biofilms were stained by immersion in 0.3% SYTO 9 (Invitrogen, Carlsbad, CA, USA) for 30 min at room temperature. The extracellular polysaccharides (EPS) of biofilm matrix was stained by immersion in Calcofluor (Sigma-Aldrich, Poole, Dorset, UK; 10 ug/mL solution in 10 mM sodium phosphate pH 7.5) for 60 min at room temperature. Biofilms were then immersed upside down in 20 µL of Mowiol and stored at room temperature in the dark for at least 6 h prior to microscopic examination (17) .
Biofilms were analyzed using an inverted confocal microscope FV-1000-PME (Olympus, Shinjuku, Tokyo, Japan), with UV laser (Coherent Inc., Santa Clara, CA, USA) He-Ne (Uniphase Vertriebs GmbH, Eching, Munich, Germany) and Ar (Coherent Inc.) and a confocal laser were operated by a computer. Filters were set to 400-490 nm for detection of Calcofluor and 520-540 nm for detection of SYTO 9. Confocal images were obtained using objective 40× (numeric aperture 1.25) and 100x (numeric aperture 1.4) of 3 randomly selected regions were imaged for each biofilm. Images were acquired in a standardized way for all samples. Initially, an image was acquired from the center of each sample and then from 2 opposite points close to the center region. Vertical sections of approximately 0.44 mm thickness were obtained for each field.
The images were exported to Image J software (National Institutes of Health, Montgomery, MD, USA) in which analysis was performed by calculating the area occupied by the green and blue dyes (SYTO 9 and Calcofluor, respectively) in each sample. The average of the areas occupied by SYTO 9 (biofilm bacteria) and Calcofluor (extracellular matrix of the biofilm) for each sample was also calculated. The thickness of the biofilm was determined for each of the three areas and averaged to calculate the mean thickness of the biofilms. In order to analyze the homogeneity of the biofilm, the Z-stack obtained from the confocal analysis of Calcofluor was submitted to a reconstruction of the biofilm organization and a densitometry map using the 3D viewer plugin for the Image J software. All procedures (from image acquisition to image analysis) were made by a blind examiner who was unable to identify the treatment groups. Sample identification codes were broken only after all samples have been analyzed.
Data Analysis
The data of biofilm thickness and percentage of EPS on each of the tested conditions were subjected to a one-way ANOVA. The assumptions of normal distribution of error and equality of variance and were checked for both response variables by Shapiro-Wilk test and Levene's test, respectively. Comparison among the different carbohydrates solutions was then made using an LSD test. SPSS software (Statistical Package for Social Sciences -IBM, Armonk, NY, USA) version 21.0 for Windows was used for statistical analysis at the level of significance of 5%.
Results
Representative images of biofilms formed under the tested conditions are shown in Figure 1 generated by the 3D viewer. No difference was found between S and S+M, however a higher %EPS was observed when compared with DDW and M ( Table 1) . Biofilms formed in the presence of S and S+M did not differ in thickness but were thicker than biofilms formed in the presence of DDW and M, which were similar between them. Differences in thickness of biofilms among the experimental conditions are also shown in Figure 1 .
The qualitative analysis of the 3D reconstruction of the biofilm associated to a densitometry map of the fluorescence signal demonstrated that water and maltodextrin produced thin biofilms with low amounts of extracellular matrix. On the other hand, S and S+M produced thicker and more porous biofilms which presented a higher signal for the deposition of EPS (Fig. 1) .
Discussion
The biofilms formed in this study showed considerable Structural organization of dental biofilm heterogeneity regarding thickness, distribution of cells, and %EPS. Higher %EPS was observed for biofilms formed in the presence of S and S+M (Table 1, Fig. 1 ). These results are in agreement with in vitro studies that showed an increased amount of EPS on S. mutans monospecies biofilms (14) and on defined mixed-species biofilms (14,18) both formed in the presence of sucrose.
It has been shown that microenvironments are created on biofilms owing to the presence of EPS on the biofilm matrix. EPS helps to create spatial heterogeneities on biofilms by forming EPS-enmeshed bacterial islets that create acidic pockets on biofilms by impeding neutralization by salivary buffer. Additionally, biofilms formed under this condition are more resistant to the antimicrobial effect of chlorhexidine (14) . EPS also play a role in increasing biofilm adherence to tooth surfaces. Studies have suggested that once EPS is synthesized, it can adhere to cell surface receptors, such as glucanbinding proteins, and act as biological glues allowing co-aggregation among different microbial species (3, 19) . EPS can attach to the tooth surface as part of the salivary pellicle. This also allows bacterial attachment and biofilm formation (19) . Clinical studies have also suggested a positive correlation between the concentration of EPS on multispecies in vivo dental biofilms and the caries status of young children (20, 21) .
In situ studies have shown that biofilms formed in the presence of sucrose have an increased cariogenic potential. Enamel mineral loss in the presence of sucrose can be 2-fold greater than that in the presence of glucose and fructose, which are not substrates for the synthesis of EPS (22) . It has been discussed that when comparing biofilms formed only in the presence of sucrose, EPS formed in the presence of starch and sucrose produces higher amounts of α1-3 linkages that increase their insolubility (9) . Besides, EPS formed in the presence of this association is able to alter the structural organization of the extracellular matrix (10) . Consequently, the cariogenic potential of multispecies biofilm formed in situ in the presence of starch and sucrose increases since the area of the carious lesion is about 1.5-fold greater than the biofilms formed only in the presence of sucrose (8) .
The food industry is increasingly using maltodextrin in their products, and often it is associated with sucrose. Our data suggest that the use of maltodextrin as a sole carbohydrate does not alter the structural organization of multispecies biofilms formed in situ in comparison with those formed in the presence of water (negative control) ( Table 1 , Fig. 1 ). Previous study showed that maltodextrin has lower fermentation rate compared to glucose by cariogenic bacteria. In terms of microbial adherence, the percentage of adherent cells of S. mutans is significantly lower in presence of maltodextrin in comparison to other carbohydrates (12) . We hypothesize tough that in situ multispecies biofilms are not able to synthesize EPS using maltodextrin as substrates, as indicated by the higher proportion of cells and lower proportion of EPS in comparison with biofilms formed in the presence of sucrose (Table 1) . Considering the direct association between EPS and caries development (4), it might be possible that biofilms formed in the presence of maltodextrin present lower cariogenic potential in comparison with those formed in the presence of sucrose.
Previous in situ study observed that the cariogenic potential of sucrose associated with maltodextrin on dental enamel and concluded that the cariogenic potential of sucrose is not changed when this carbohydrate is associated to maltodextrin (13) . In the present study, the addition of maltodextrin to sucrose did not show different results compared to sucrose alone. The structures of multispecies biofilms formed in situ in the presence of sucrose associated to maltodextrin were similar. This could also indicate a similar cariogenic potential between sucrose alone and sucrose associated to maltodextrin in agreement with the previous study. However, it is possible that the EPS synthesized in the presence of sucrose associated to maltodextrin is different compared with that synthesized only in the presence of sucrose, as has been previously described for S. mutans monospecies biofilms formed in the presence of the association between starch and sucrose (9) . Our data do not allow any conclusions to be made in this regard, but this point deserves further investigation to elucidate the chemical composition of EPS synthesized under these conditions.
In addition, our results suggest that %EPS is directly related to the thickness of multispecies biofilms. As shown previously, biofilms formed in the presence of sucrose were denser and thicker than the biofilms formed in the absence of this carbohydrate (23) . It has been discussed that the increase in thickness may be related to the increase in biofilm matrix porosity induced by the presence of EPS synthesized from sucrose. A more porous biofilm allows greater diffusion of substrates across the biofilm, promoting increased metabolism and acid production by the microorganisms located at tooth/biofilm interface (24) . Based on these observations, analysis of dental biofilm by tridimensional reconstruction using CLSM is a promising methodology because it allows a better visualization of these pores. The present study is the first to use this methodology to do a qualitative and quantitative analysis for investigating the cariogenic potential of multispecies dental biofilm.
It is important to point out that the difference in the number of captured images among the experimental groups is due to sample preparation. All six subjects used the tested solutions, but during the preparation of samples for CLSM, biofilm samples of M and M+S from five subjects and biofilm samples of DDW and S from 2 subjects detached from the enamel surface during fixation/ treatment with lysozyme solution. This is the reason 3 images were captured from M and M+S whereas 12 images were captured in total (3 per subject) for DDW and S samples. Even though presenting differences in sample size, it was possible to show that the exposure to sucrose during biofilm formation (S and M+S groups) increased both the %EPS and thickness of biofilms. This suggests that our results are clinically relevant and they are in agreement with those previously reported by other authors (8, 14) , irrespective to the number of scanned biofilm areas. This way, any bias that may have been induced by different sample size among the experimental groups was downgraded.
Additionally, although the total carbohydrate amount of 10% sucrose + 10% maltodextrin solution had been higher than their respective counterpart solutions (10% sucrose or 10% maltodextrin), we may suggest that this difference on carbohydrate amount did not significantly affect the results of our study. Aires et al., who evaluated in situ the cariogenic potential of solutions containing 2% starch, 10% sucrose and the association of 2% starch + 10% sucrose against root dentine, also found similar cariogenic potential between 10% sucrose and the association of 2% starch + 10% sucrose solutions irrespective to their carbohydrate amount, in agreement with the results of the present study (15) .
Calcofluor dye is a universal polysaccharide stain. So it may bind unselectively to all extracellular polysaccharides of biofilm matrix, and not only to insoluble EPS which are considered the key-factor for the development of cariogenic biofilms (19) . One could argue, then, this represents a limitation for the use of CLSM, since it might be possible that the determination of % of insoluble EPS has been overestimated. Alternatively, colorimetric and biochemical methods have been extensively used to precisely quantify insoluble EPS on biofilm matrix (8, 13, 15, 21, 22, 25) . However, it is important to emphasize that the present data of % stained EPS and the differences among the experimental groups represents those differences previously found based on biochemical and colorimetric determination of insoluble EPS on biofilms formed under the same conditions described in this study (13) , suggesting that calcofluor and CLSM may also be used for the purpose of estimating insoluble EPS on biofilms. Moreover, our study also shows that thickness of biofilms corresponds to the increase on EPS, which has been clinically showed by others (26, 27) .
CLSM was found to be effective tool for investigating the structure of multispecies dental biofilm. It was possible to show that the structural organization of biofilms is directly dependent on the availability and source of carbohydrate during biofilm formation. Multispecies biofilms formed in the presence of sucrose or sucrose associated to maltodextrin have higher %EPS and thickness compared to those formed in the presence of maltodextrin alone. The structural organization of the multispecies biofilm formed in situ in presence of sucrose does not change when this carbohydrate is associated to maltodextrin.
Resumo
Maltodextrinas, derivadas do amido de milho, tem sido adicionadas a alimentos industrializados combinadas à sacarose. Entretanto não estão esclarecidas as propriedades de difusão na matriz do biofilme dental e a estrutura tridimensional de biofilmes multiespécies formados na presença destes carboidratos. Portanto o objetivo deste estudo foi avaliar, através da microscopia confocal de escaneamento a laser (MCEL), a organização estrutural do biofilme dentário multiespécie formado in situ exposto à sacarose associada a maltodextrina. Voluntários adultos utilizaram dispositivos intraorais palatinos contendo blocos de esmalte bovino. Eles foram instruídos a remover os dispositivos 8 vezes por dia e gotejar as seguintes soluções sobre os blocos de esmalte: água destilada e deionizada (ADD), maltodextrina, sacarose+maltodextrina ou sacarose. Os biofilmes formados foram corados e o percentual de polissacarídeos extracelulares (%PEC) e suas espessuras foram determinados através da MCEL. Os biofilmes formados na presença de sacarose e sacarose+maltodextrina apresentaram os %PEC similares entre si, entretanto maiores do que os grupos submetidos a ADD e maltodextrina. Em relação à espessura do biofilme formado, os tratamentos sacarose e sacarose+maltodextrina apresentaram espessuras similares entre si, e maiores quando comparados aos grupos ADD e maltodextrina. A organização estrutural do biofilme dentário multiespécie formado in situ na presença de sacarose não é alterado quando este carbiodrato é associado a maltodextrina.
